Geometrical and structural properties of an Aeroelastic Research Wing (ARW-2) by Spain, Charles V. et al.
*- L 
NASA Technical Memorandum 4 1 10 
Geometrical and Structural 
Properties of an Aeroelastic 
Research Wing (ARW-2) 
Maynard C. Sandford, David A. Seidel, 
and Clinton V. Eckstrom 
Langley Research Center 
Hampton, Virginia 
Charles V. Spain 
PRC Kentron, Inc. 
Aerospace TecbnoZogies Division 
Hampton, Virginia 
National Aeronautics and 
Space Administration 
Office of Management 





Transonic steady and unsteady pressure tests 
have been conducted on the right panel of a large 
elastic wing known as the DAST ARW-2. The 
wing has a supercritical airfoil, an aspect ratio of 
10.3, and a leading-edge sweepback angle of 28.8' 
and is equipped with two inboard and one outboard 
trailing-edge control surfaces. Only the outboard 
control surface was deflected to generate steady and 
unsteady flow over the wing. Currently, the mea- 
sured surface pressure data acquired on this elastic 
wing are being processed for publication. This report 
presents the geometrical and structural characteris- 
tics of this elastic wing, in terms of a combination of 
measured and calculated data, to permit future an- 
alysts to compare the experimental surface pressure 
data with theoretical predictions. 
Introduction 
At NASA Langley Research Center, progress con- 
tinues on a program to measure unsteady pressures 
on several wing configurations (refs. 1, 2, and 3). The 
goal of this program is to generate an extensive data 
base of measured unsteady pressures for use in evalu- 
ating the accuracy of theoretical computational tran- 
sonic aerodynamic programs. Initially, all wing mod- 
els tested were made as rigid as possible to minimize 
wing structural deformations and thereby maintain 
simple basic comparisons with the transonic aerody- 
namic programs. Recently, a flexible wing configura- 
tion was tested as part of this pressure measurement 
program. The wing construction is similar to that of 
actual aircraft wings and should provide more realis- 
tic measured data for comparison with results from 
advanced transonic aerodynamic programs that in- 
clude the effects of aeroelastic deformations in the 
computational process. 
Funding constraints and subsequent cancellation 
of the NASA program Drones for Aerodynamics and 
Structural Testing (DAST) (ref. 4) made available 
the second in a series of aeroelastic research wings 
(ARW-2) for unsteady pressure testing in the Lang- 
ley Transonic Dynamics Tunnel (TDT). This elastic 
wing configuration, known as DAST ARW-2, has an 
aspect ratio of 10.3, a leading-edge sweepback angle 
of 28.8", and a supercritical airfoil. The wing has 
a hydraulically driven outboard trailing-edge con- 
trol surface and was instrumented with unsteady 
pressure gages. Therefore it was extremely useful 
to the present unsteady pressure measurements pro- 
gram (ref. 5 ) .  
The purpose of the present paper is to provide the 
physical properties of this elastic wing model. Geo- 
metrical and structural properties of the wing are 
presented in detail along with mode shape data from 
a mathematical model of the wing for use by analysts 
in their computational transonic aerodynamic code 
development. A combination of design data, mea- 
sured data from the wind tunnel model, and calcu- 
lated data from a finite element model are presented. 
Symbols 
c local chord, in. 
dx displacement in x-direction, in. 
dy displacement in y-direction, in. 
dz displacement in z-direction, in. 
f 
R 
x streamwise coordinate, in. 
X 
frequency of oscillating control surface, Hz 
radius of fuselage sections, in. 
streamwise coordinate measured from the 
wing local leading edge, in. 
y spanwise coordinate, in. 
z vertical coordinate, in. 
2 vertical distance from the wing reference 
plane ( z  = 59.50 in.), in. 
Wind Tunnel Model 
General 
These tests were conducted in the Langley Tran- 
sonic Dynamics Tunnel (TDT). The TDT is a closed- 
circuit continuous-flow tunnel which has ' a  l6-foot 
square test section with slots in all four walls. An 
elastic semispan wing model is described herein. This 
model consisted of the right wing panel from the 
DAST ARW-2 drone flight vehicle and a rigid half- 
body fuselage. Both the fuselage and the wing were 
mounted on a remotely controlled turntable mecha- 
nism located on the tunnel sidewall. The turntable 
was used to adjust the model angle of attack. A 
photograph of the complete model mounted in the 
tunnel is shown in figure 1. The location of the side- 
wall turntable and its relationship to the wing and 
fuselage is shown in figure 2. 
Instrumentation 
The locations of the wing instrumentation are 
shown in figure 3. The primary instrumentation con- 
sisted of 182 pressure transducers and 10 accelerom- 
eters. In addition, strain gages were located near the 
wing root to measure bending moments. A differen- 
tial pressure gage was mounted in each supply line to 
the hydraulic actuator of each control surface to mea- 
sure hinge moments. Small potentiometers were used 
to measure the control surface angular displacement. 
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The model angle of attack was measured by a servo 
accelerometer that was mounted near the wing root. 
Both steady and unsteady pressures were obtained 
with differential pressure transducers referenced to 
the tunnel’s static pressure. Streamwise rows of up- 
per and lower surface pressure orifices were located 
at six span stations. The wing location of these ori- 
fices are tabulated in table 1. Surface orifices were 
connected to pressure transducers by matched tubes 
having an inner diameter of 0.040 inch and a length 
of 18 inches. To determine the wind-on tube transfer 
functions, needed to correct the unsteady pressure 
data from these matched-tube transducers, simulta- 
neous measurements were also obtained from a row 
of in situ transducers mounted on the wing upper 
surface parallel to the fifth row of surface orifices. 
The 10 accelerometers were used to determine the 
wing dynamic deflections. The accelerometer loca- 
tions are shown in figure 3 and presented in table 2. 
The accelerometers were embedded in the wing ap- 
proximately halfway between the upper and lower 
surface. 
Fuselage Geometry and Construction 
The half-body fuselage was used primarily to 
place the wing outside the wind tunnel wall boundary 
layer. The fuselage had a semicircular cross section. 
The nose and tail fuselage sections were made shorter 
than the actual flight fuselage. However, the center 
section of the fuselage was made very similar to the 
flight fuselage in both diameter and wing location 
to provide flow around the inboard section of the 
wing similar to that expected to occur on the flight 
vehicle. This fuselage shape represents those found 
on transport aircraft. The geometric properties of 
the fuselage are shown in figure 2 and the fuselage 
coordinates are presented in table 3. 
The rigid half-body fuselage structure consisted of 
a backplate and several bulkheads to which the exte- 
rior shell was fastened. The exterior shell was made 
of 1/4-inch-thick fiberglass in four sections as shown 
in figure 2. The nearly full length backplate and the 
two end bulkheads were fabricated of 1/2-inch-thick 
aluminum plate. The middle three bulkheads were 
fabricated of 1-inch-thick aluminum plate and were 
located at the joint locations of the fiberglass sec- 
tions. The fiberglass shell sections were attached to 
the backplate and the bulkheads with screw fasten- 
ers along all edges. The half-body fuselage backplate 
was fastened directly to the wind tunnel turntable 
before the exterior shell sections were installed. The 
backplate and bulkhead masses were reduced consid- 
erably by cutting circular holes out of the material 
to conveniently handle the pieces. 
Wing Geometry and Construction 
The elastic wing had an aspect ratio of 10.3 with 
a leading-edge sweep angle of 28.8’. The planform 
geometry of the wing is presented in figure 3. The 
wing was equipped with three hydraulically driven 
control surfaces, two inboard and one outboard, and 
their locations are shown also in figure 3. Only 
the outboard surface was deflected statically and 
dynamically during the pressure measurement tests 
while both inboard surfaces were held fixed at 0” in 
relation to the wing surface. The outboard surface 
hinge line was located at 77 percent of the local 
chord. 
Originally, the wing contour was formed from 
three supercritical airfoil shapes with different 
thickness-to-chord ratios (ref. 6).  Straight-line inter- 
polation along constant percent chords was used to 
define the area between the three airfoil shapes. This 
wing contour was the desired shape for a loaded wing 
associated with straight and level flight at a cruise 
Mach number of 0.8 and at an altitude of 46 800 feet. 
However, an elastic wing deforms to a different shape, 
known as the “jig” shape, if all aerodynamic loads 
and vehicle weight loads are removed. The present 
wing configuration was fabricated according to a set 
of calculated jig shape coordinates, which are here- 
after referred to as the design airfoil coordinates. De- 
sign coordinates and the measured coordinates from 
the actual wing cantilevered at the root chord are 
presented in table 4. The design and measured coor- 
dinates are compared in figure 4. Overall, the com- 
parison is good at all 10 span stations shown, but the 
differences are exaggerated by the enlarged vertical 
scales. On the lower surface, the largest difference 
is 0.077 inch at y = 60 inches in the trailing-edge 
region. On the upper surface, the largest difference 
is 0.065 inch at y = 110 inches in the leading-edge 
region. 
The semispan wing consisted of a carry-through 
section which attached to the sidewall turntable and 
a wing panel which attached to the carry-through 
section near the edge of the fuselage shell. The carry- 
through section was machined from a 4-inch-thick 
block of aluminum. Two diagonal aluminum beams 
were located below the carry-through section, from 
the outer edge of the section back to the turntable, 
to provide additional wing root stiffness. The wing 
panel was constructed of two main aluminum spars 
connected with ribs and covered with honeycomb 
filled fiberglass skins. The forward spar is located 
at 25 percent of the local chord and the rear spar is 
located at 62 percent of the local chord. The upper 
and lower fiberglass skins between the front and rear 
spars were fastened permanently with both adhesives 
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and rivets (ref. 7). This type of construction formed 
a center box beam which provided the primary struc- 
tural strength and stiffness requirement of the wing. 
The leading-edge and trailing-edge fiberglass sections 
were attached to the center section with removable 
screw fasteners. A more detailed description of the 
wing construction and how the jig shape was calcu- 
lated are found in reference 5. 
Wing Measured Structural Properties 
The measured total wing weight was 156.25 
pounds with the center of gravity located at x = 
27.266 inches and y = 14.643 inches. No measured 
mass distribution data are available for this wing. 
Measured bending and torsion stiffness distributions 
of the wing are presented in figure 5. The stiffness 
data were calculated from angular deflections of the 
loaded wing. The deflections were measured with 
a laser light source and set of mirrors mounted on 
the wing along the centerline of the wing box beam 
(43.5 percent chord). These loading tests and corre- 
sponding deflection measurements also demonstrated 
that the 43.5-percent-chord line was the actual elas- 
tic axis of the wing. 
The measured frequency data for the model are 
presented in figure 6. In figure 6(a), the data were ac- 
quired with the model mounted on a rigid backstop in 
the laboratory, whereas in figure 6(b), the data were 
acquired with the model mounted on the turntable 
in the tunnel. The first three mode frequencies for 
these two sets of data differ slightly. This is not un- 
reasonable, because the turntable is not believed to 
be as stiff as the rigid backstop. The fourth and 
fifth modes compare well except for the node line of 
the fourth mode. One explanation for this discrep- 
ancy is that the node line is exceptionally sensitive to 
several factors, such as the shaker location and am- 
plitude and the relationship of the frequency to the 
exact peak of the amplitude. This difference in the 
fourth mode was not pursued further, because at the 
time the test was intended to be a pressure model 
test and not a flutter model test. 
Wing Analytical Structural Model 
Neither the mass distribution data nor the mode 
shape and generalized mass data were measured for 
this elastic wing model because of time constraints 
imposed by either the wind tunnel or the flight test 
schedule. Without these measured data to define 
completely the structural properties of this elastic 
wing, a mathematical model was used to calculate 
the wing frequencies, mode shapes, and generalized 
masses. A finite element program known as SPAR 
(Structural Performance and Resizing) was used to 
generate this mathematical model and is described in 
reference 8. The finite element model was developed 
while the wing was being constructed and was con- 
tinuously updated by comparison with the measured 
static loads, vibration, weight, and balance test data. 
To the extent practical, the analytical model reflects 
the actual construction of the wing, as opposed to 
an elastic axis or flat plate representation. A variety 
of isotropic elements were used to represent the ribs, 
spars, center section, and the sidewall turntable. In- 
strumentation and system weights were represented 
as point masses. The fiberglass skins were modeled 
as composite bending plate and membrane elements 
based on the actual layup. The finite element model 
contained a total of 452 joints and approximately 
900 elements and 2700 degrees of freedom. The geo- 
metric mesh is illustrated in figure 7. 
The data from 100 joint locations were selected 
for inclusion in this report: a 6 x 15 array of joints 
located on the wing panel and 10 joints located on 
the carry-through section. These 100 joint locations 
are listed in table 5 and shown in figure 8. The 
calculated modal deflections, rotations, and frequen- 
cies for the first six modes are tabulated in table 6. 
The sixth mode is given for completeness and con- 
venience of knowing where the next mode frequency 
is located. The modal deflections are scaled so that 
the generalized mass values are normalized to 1.0 for 
each of the modes. The quality of a mathematical 
model simulation can be determined by comparing 
calculated and measured properties. Therefore, cal- 
culated frequencies and node lines of the first five 
modes are presented in figure 9 for comparison with 
the measured results given in figure 6(b). The com- 
parison is reasonably good except for the frequency 
of the third mode and the node line of the fourth 
mode. These differences appear significant now; how- 
ever at the time that the measurements were taken, 
the higher modes were not considered important for 
a high-aspect-ratio model pressure test. Although 
not presented in this paper, the measured data for 
the sixth mode (f = 90.0 Hz) compared well with 
the calculated data. Also, measured and calculated 
bending and torsion stiffness distributions are com- 
pared in figure 10. Both the bending and the torsion 
stiffness comparisons are good except for the most 
outboard tip region. 
Concluding Remarks 
Physical properties of an elastic wing are pre- 
sented herein for use by analysts in making calcu- 
lations for comparison with experimental data. The 
elastic wing has an aspect ratio of 10.3, a sweepback 
angle of 28.8", and a supercritical airfoil and was 
3 I 
tested to measure unsteady pressures due to an oscil- 
lating outboard trailing-edge control surface. Tests 
were conducted in the Langley Transonic Dynamics 
Tunnel as part of a comprehensive unsteady pressure 
measurement program. A combination of measured, 
design, and calculated data are presented. 
The measured coordinates of the supercritical air- 
foil at several span stations compare well overall with 
the design airfoil values. Also, the measured and cal- 
culated stiffness distributions compare well, while the 
modal frequencies and node lines are in reasonably 
good agreement. Overall, the finite element model is 
considered a reasonably good representation of the 
actual wind tunnel model. 
I 
NASA Langley Research Center 
Hampton, VA 23665-5225 
February 22, 1989 
1 References 
1. Sandford, M. C.; Ricketts, R. H.; Cazier, F. W., Jr.; and 
Cunningham, H. J.: Transonic Unsteady Airloads on an 
Energy Efficient Transport Wing With Oscillating Control 
Surfaces. J. Aircr., vol. 18, no. 7, July 1981, pp. 557-561. 
2. Hess, R. W.; Wynne, E. C.; and Cazier, F. W., Jr.: Static 
and Unsteady Pressure Measurements on a 50 Degree 
Clipped Delta Wing at M = 0.9. NASA TM-83297, 1982. 
3. Ricketts, Rodney H.; Sandford, Maynard C.; Seidel, 
David A.; and Watson, Judith J.: Transonic Pressure 
Distributions on a Rectangular Supercritical Wing Os- 
cillating in Pitch. J. Aircr., vol. 21, no. 8, Aug. 1984, 
pp. 576-582. (Also available as NASA TM-84616.) 
4. Murrow, H. N.; and Eckstrom, C. V.: Drones for Aero- 
dynamic and Structural Testing (DAST)-A Status Re- 
port. J. Aircr., vol. 16, no. 8, Aug. 1979, pp. 521-526. 
Seidel, David A.; Sandford, Maynard C.; and Eckstrom, 
Clinton V.: Measured Unsteady Transonic Aerodynamic 
Characteristics of an Elastic Supercritical Wing. J.  Aircr., 
vol. 24, no. 4, Apr. 1987, pp. 225-230. 
6. Byrdsong, Thomas A.; and Brooks, Cuyler W., Jr.: 
Wind- Tunnel Investigation of Longitudinal and Lateral- 
Directional Stability and Control Characteristics of a 
0.237-Scale Model of a Remotely Piloted Research Vehi- 
cle With a Thick, High-Aspect-Ratio Supercritical Wing. 
7. Eckstrom, Clinton V.; and Spain, Charles V.: Experi- 
ences in the Use of Composite Material for a Wing Skin. 
J .  Aircr., vol. 20, no. 11, Nov. 1983, pp. 913-919. 
8. Whetstone, W. D.: EISI/SPAR Reference Manual- 
System Level 103. Engineering Information Systems, Inc., 
Jan. 1979. 
5. 













v v  
m N 3  t- 2 0 0 
- 0 0  0 m m  
0 
?Ne? 4 Y '9 ? 




*" I www 
5 
























Table 3. Model Half-Body Fuselage Coordinates 
[R values measured from z = 49.98 in. and y = 0 in.] 
x, in. 





























































































































































'Start of section 1. 
bStart of section 2. 
'Start of section 3. 
dStart of section 4. 
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Table 4. Measured and Design Airfoil Coordinates 
[Z values measured from z = 59.50 in. (wing reference plane)] 
















































































































































































- .O 16206 
-.019961 
-.023771 


































































Table 4. Continued 
(b) y = 30.0 in.; c = 31.433 in. 
Design 
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-. 0405 68 
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Table 4. Continued 
(d) 9 = 50.0 in.; c = 23.278 in. 
Measured 















































































































































































































































































































Table 4. Continued 
(e) y = 60.0 in.; c = 21.614 in. 
Design 
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-. 1001 44 
-. 102069 
-.lo3730 










































Table 4. Continued 
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-.236121 
-.134782 
-. 133 166 
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-.114403 
-. 1 1  1076 
-. 1077 14 
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-. 1101 00 
-. 1 12922 




















































Table 4. Continued 
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-. 141 878 
-. 1441 57 
-.I44841 
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Table 4. Continued 


















































































-. 1241 63 
-.124049 
-.124043 



















































-. 221 5 12 
-.223946 





























-. 20325 2 
-.200372 





























-. 1291 33 
-. 127541 




-. 1228 10 
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-. 122207 
-. 1221 22 
-.122110 
-. 1221 59 







































































-. 228 3 26 
-. 225 8 66 
-. 2236 18 
-.221044 
-.217928 















-. 20 1 026 
-. 2028 64 
-.232165 
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Table 4. Continued 
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-.216732 
-. 21 5024 
-.213469 




-. 2056 as 
-.204446 
-. 2034 2 1 
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-. 20 1 940 
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-.2942as 








-. 27 165 1 
-.2699a2 - ,268802 
-.26ai32 
-.26797a 
-. 2685 00 
-.269a4i 
- . m a s 2  
-. 271 925 
-. 275 1 43 
-.279057 
Table 4. Concluded 
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-.301735 



















-. 31 285 3 
-. 31 4665 
-. 31 6612 
-.318695 
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Table 5. Finite-Element Model Joint Locations 











10  .3946000E+02 
11 .1008313E+02 
1 2  .1579403E+02 
13 .2474312Et02 
1 4  .3739096E+02 
15 .3988457E+02 
1 6  .4574724Et02 
1 7  .1645622E+02 
1 8  .2178400Et02 
1 9  .3013336E+02 
20 .3879841E+02 
2 1  .4111324E+02 
22 .4655831E+02 
2 3  .2282931Et02 
24 .2777397Et02 
2 5  .3552361E+02 
2 6  .4127922E+02 
27 .4361972E+02 
28 .4821283Et02 
2 9  .2920959E+02 
30 .3377259E+02 
3 1  .4091386Et02 
32 .4376002Et02 
3 3  .4612620Et02 
34 .4986748Et02 
35  .3239654Et02 





4 1  .3558348E+02 
42 .3975709E+02 
4 3  .4630206E+02 
44 .4904236E+02 













































































































J o i n t  
X 
51 .5301507E+02 
5 3  .4195737Et02 
54 .4574158E+02 
55 .5167591Et02 
5 6  .5416055E+02 
57 .5550499Et02 
5 8  .5806289E+02 
5 9  .4514431E+02 
60 .4873383E+02 
6 1  .5436284E+02 
62 .5671964E+02 
64 .6042121Et02 






7 1  .5151820Et02 
72 .5471833E+02 
7 3  .5973669E+02 
74 .6183783E+02 
7 5  .6318029E+02 
76  .6569880Et02 
77 S 4 7 0 5 1 5 E t 0 2  
78 .5771057E+02 
79  .6242362E+02 
80 .6439692Et02 
8 1  .6565744E+02 
82 .6802274E+02 
84 .6070282E+02 
8 5  .6511055E+02 
8 6  .6695602Et02 
87  .6813480E+02 
88  .7034688E+02 
90 .6329294E+02 











6 3  .5799491Et02 
8 3  .5789209E+02 
8 9  .6000443E+02 
























































-58  60 845E+02 















.5 651 355Et02 
.5713425E+02 

























-568  6080E+02 
.5652605E+02 
.558 004 6E+02 
.5525616E+02 
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Table 6. Finite-Element Model Mode Shape Data 
(a) Mode 1, f = 8.0935 Hz 
J o i n t  D e f l e c t i o n ,  I n c h e s  R o t a t i o n  




1 0  
11 




1 6  
17 
1 8  
19 
20 
2 1  
22 
2 3  
24 
25 
2 6  
27  
28 










3 9  
40 
4 1  
42 
4 3  
4 4  
45 






5 2  
5 3  
54 
55 
5 6  
5 7  
58 
5 9  
60  
61 
6 2  
6 3  
64 




6 9  
70 




7 5  
7 6  
77  
7 8  






8 5  







9 3  
94 
9 5  
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-.7174993E-01 -. 8770378E-01 
-.1072044E+OO 
-.1622485E+OO 
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Table 6. Continued 
(b) Mode 2, f = 29.2299 Hz 















































































































































































































































































































,21636821-02 -. 11901511-01 
-.4026265&-01 
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Table 6. Continued 
(c) Mode 3, f = 32.7980 Hz 
J o i n t  D c f l c c t i o n ,  I n c h e s  R o t a t i o n  








1 3  
14 
15 
1 6  
11 
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6 1  
62 
6 3  
64 
6 5  
66 ..
6 1  
68 ..
69  
1 0  
7 1  
1 2  
1 3  
7 1  15
17 78
76 
7 9  
80 
8 1  
82 





8 9  
90 




9 5  
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- , 91331  451-0 1 
-.65866561-01 
































































































































































































































































































- ,42947001-01 ,67173271-01 
-.52469231-01 ,60416881-01 
-.6511518&-01 .5390316&-01 
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Table 6. Continued 
(d) Mode 4, f = 60.8920 Hz 
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-.38833833+00 
-.5896604E+OO ~ .. 
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Table 6. Continued 
I 
( e )  Mode 5 ,  f = 66.6051 Hz 
Joint Deflection, Inches Rotat ion 
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Table 6 .  Concluded 
( f )  Mode 6 ,  f = 96.7594 Hz 
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Figure 5 .  Measured wing stiffness characteristics. 
33 
f=8.31 Hz f-31.28 HZ f=36.00 HZ f=62.37 Hz f-66.97 Hz 
(a) Wing mounted on rigid backstop in laboratory. 
f =  8.09 Hz f=29.68  HZ f=36.94 HZ f=62.63 Hz f =66.90 Hz 
(b) Wing mounted on turntable in tunnel. 
Figure 6. Measured wing frequencies and node lines. 
34 
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11 
Figure 7. Sketch of finite-element model used in SPAR program. Shading used only to clarify viewing of figure. 
Numbers indicate joint locations given in table 5 and figure 8. 
2 
3 l r  
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Figure 8. Finite-element joint locations where mode shape deflection data were obtained. 
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f=8.09 HZ fz29.23  HZ f=32.80 HZ f=60.89 HZ f=66.61 HZ 
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